Despite recent advances in the understanding of its cell biology, glioma remains highly lethal. Development of effective therapies requires a cost-effective in vitro tumor model that more accurately resembles the in vivo tumor microenvironment as standard two-dimensional tissue culture conditions do so poorly. Here we report on the use of a three-dimensional (3D) chitosanalginate (CA) scaffold to serve as an extracellular matrix that promotes the conversion of cultured cancer cells to a more malignant in vivo-like phenotype. Human U-87 MG and U-118 MG glioma cells and rat C6 glioma cells were chosen for study. In vitro tumor cell proliferation and secretion of factors that promote tumor malignancy, including VEGF, MMP-2, fibronectin, and laminin, were assessed. The scaffolds pre-cultured with U-87 MG and C6 cells were then implanted into nude mice to evaluate tumor growth and blood vessel recruitment compared to the standard 2D cell culture and 3D Matrigel matrix xenograft controls. Our results indicate that while the behavior of C6 cells showed minimal differences due to their highly malignant and invasive nature, U-87 MG and U-118 MG cells exhibited notably higher malignancy when cultured in CA scaffolds. CA scaffolds provide a 3D microenvironment for glioma cells that is more representative of the in vivo tumor, thus can serve as a more effective platform for development and study of anticancer therapeutics. This unique CA scaffold platform may offer a valuable alternative strategy to the time-consuming and costly animal studies for a wide variety of experimental designs.
Introduction
Gliomas are the most common and lethal type of brain cancer, accounting for 80% of brain tumors, with a 2-year survival of 17-43% [1] . Recent advances in the understanding of glioma biology have revealed effective therapeutic targets, translating to improved patient outcomes [2] . Despite these improvements, the development of anticancer drugs has been hindered by the lack of effective tumor models that closely mimic the human disease [3] .
Standard two-dimensional cell line cultures provide researchers a convenient in vitro platform for drug development. However, cells cultured on flat Petri dish surfaces do not ideally represent in vivo conditions, as these cells display a dramatically reduced malignant phenotype when compared to the tumor in vivo [4, 5] . Hence, in vitro results often do not translate well to in vivo systems. There is a pressing need for better in vitro models of human cancer that will allow researchers to reduce in vivo experiments by in vitro pre-testing that will defray costs, shorten experimental time, provide a much more controllable environment, and reduce loss of animal life.
Three-dimensional (3D) culture systems are designed to bridge the gap between in vitro and in vivo cancer models [8] [9] [10] [11] . These 3D systems are intended to increase cancer cell malignancy and retain the in vivo phenotype, by mimicking the structure of the tumor microenvironment [12] . Natural extracellular matrix materials such as collagen, fibrin, and the commercially available Matrigel matrix (BD Biosciences) have been used, but these animal-source products are expensive, and can potentially transmit pathogens [10] . Synthetic polymers such as poly (lactide-co-glycolide) (PLGA) have also been studied [9, 13] , but they can release acidic degradation products that are toxic to cells, and negatively affect experimental results. Chitosan and alginate, two non-mammalian sourced, natural polymers, are ideally suited as scaffold materials due to their biocompatibility and lack of immunogenicity [14, 15] . Chitosanalginate complex (CA) scaffolds have previously been shown to provide an ideal growth environment for cartilage and bone regeneration [16, 17] , and stem cell renewal [18] . In this study, we show that CA scaffolds can be used to better mimic the tumor microenvironment of glioma in vitro by promoting a more malignant phenotype. These tumors were developed in vitro by seeding U-87 MG and U-118 MG human glioma cells on CA scaffolds. As a comparison we also tested a cancer stem-like cell line (C6 rat glioma), which is known to be highly invasive and tumorigenic [19] [20] [21] [22] . Developed tumor malignancy was assessed by ELISA and dot blot analyses of secreted key growth factors and extracellular matrix. Further assessment of in vitro developed U-87 MG tumors was performed by implantation into mice and monitoring tumor growth and blood vessel formation. In vitro tumors from C6 cells were also implanted as a control.
Materials and Methods

Materials
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Chitosan (PolySciences, PA, 15,000 MW) and sodium alginate powders were used as received. Dulbecco's Modified Eagle Medium (DMEM), Antibiotic-antimycotic, Dulbecco's phosphate buffered saline (D-PBS), and Alamar Blue reagent were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Atlanta, GA). C6 rat glioma, U-87 MG human glioma, and U-118 MG human glioma cell lines and Minimum Essential Media (MEM) were purchased from American Type Culture Collection (ATCC, Manassas, VA). Cells were maintained according to manufacturer's instructions in fully supplemented DMEM (C6 and U-118 MG) or MEM (U-87 MG) with 10% FBS and 1% antibiotic-antimycotic) at 37°C and 5% CO 2 in a fully humidified incubator. Reduced growth factor matrigel matrix was purchased from BD Biosciences (San Jose, CA). VEGF and MMP-2 ELISA kits were purchased from R&D Systems (Minneapolis, MN).
CA scaffold synthesis
CA scaffolds were prepared as previously reported [16, 17] . Briefly, a 4 wt% chitosan and 2 wt% acetic acid solution was mixed under constant stirring in a blender for 7 minutes to obtain a homogeneous chitosan solution. A 4 wt% alginate solution was added to the chitosan solution, and mixed in a blender for 5 min to obtain a homogeneous CA solution. The CA solution was cast in 24-well cell culture plates and frozen at −20°C for 8 hrs. The samples were then lyophilized, crosslinked in 0.2 M CaCl 2 solution for 10 minutes under vacuum, washed with deionized water several times to remove any excess salt, and sterilized in 70 v% ethanol for 1 hr. The scaffolds were then transferred to a sterile PBS solution and placed on an orbital shaker for > 12 hrs to remove any excess ethanol.
Cell seeding on scaffolds
Cells were seeded onto PBS damp CA scaffolds in 24-well plates at 50,000 cells per scaffold in 50 µL fully supplemented media. Cells were allowed to infiltrate the scaffold for 1 hr before 1 mL fully supplemented media was added to each well. For Matrigel pre-cultured samples, 50,000 cells in 200 µL fully supplemented media was mixed with 200 µL Matrigel matrix with reduced growth factor and added to 24-well plate wells. Samples were allowed to gel for 1 hr before 1 mL fully supplemented media was added to each well. For 2D pre-cultured samples, 50,000 cells in 1 mL fully supplemented media were added to 24-well plate wells. Media were replaced every 2 days.
Cell proliferation analysis
Proliferation of cells cultured on 2D wells, matrigel matrix, and CA scaffolds was determined using the Alamar Blue assay following the manufacturer's protocol. Briefly, cells cultured on 2D wells and 3D scaffolds were washed with D-PBS before adding 1 mL of Alamar Blue solution (10% Alamar Blue in fully supplemented phenol red free DMEM) to each well. After 1.5 hrs the Alamar Blue solution was transferred to a 96-well plate to obtain absorbance values on a microplate reader. The cell number was calculated based on standard curves created previously. Cells were again washed with D-PBS to remove Alamar Blue solution and fresh fully supplemented media was added to each well.
Microscopic analysis
Samples for Scanning Electron Microscopy (SEM) analysis were first fixed with cold Karnovsky's fixative overnight followed by dehydration in a series of ethanol washes (0%, 50%, 75%, 100%, 100%). Samples were critical point dried and sputter coated with platinum before imaging with a JSM 7000 SEM (JEOL, Tokyo, Japan). False color was added to SEM images using Adobe Photoshop in order to improve the contrast between cells and substrate.
Growth factor and extracellular matrix secretion analysis
After 7 and 9 days of culture for C6 and both U-87 MG and U-118 MG cells, respectively, media of differently cultured cells were replaced with a low serum counterpart (media containing 1% FBS and 1% antibiotic-antimycotic) and cells were incubated for 24 hrs. Media were collected and stored at −80°C for future use. VEGF and MMP-2 secretion was determined following the manufacturer's protocol, protein concentration per cell was calculated based on cell number in the well, and the values were normalized to 2D culture conditions. Laminin and fibronectin were detected using dot blot analyses and protein concentration per cell was normalized to 2D culture conditions using ImageJ.
In vivo studies
All animal studies were performed in accordance with University of Washington IACUC approved protocols. Athymic nude male mice (nu/nu, 088 strain, Charles River, Wilmington, MA) 6-8 weeks of age were anesthetized with a solution of ketamine and xylazine before CA scaffolds containing cells were implanted subcutaneously into the left and right flank. 2D and Matrigel matrix pre-treated cells were diluted into 100 µL media to a cell number matching that on the CA scaffolds as determined by Alamar blue, and mixed with 100 µL Matrigel before injecting subcutaneously into the left and right flanks of the anesthetized mice. Tumors were measured using calipers and the volume was calculated using the formula of a cylinder, volume = length × width × height × π/4, for CA scaffold tumors (cell-CA scaffold construct has an cylindrical shape), and using the formula for the volume of an ellipsoid [23] , volume =length × (width 2 ) × π/6, for 2D and Matrigel tumors. CA scaffold tumor sizes were normalized by subtracting the volume of an empty scaffold (265 mm 3 ) from the calculated tumor volume. After 3 weeks and 4 weeks of implantation for C6 and U-87 MG tumors, respectively, mice were sacrificed by CO 2 inhalation followed by cervical dislocation, and the tumors were resected, fixed in a 10% formalin solution, and submitted for histological analyses.
Immunohistochemistry
Excised tumors were embedded in optimal cutting temperature (OCT) compound and frozen on dry ice. The frozen tumor tissue sections (8 µm) were washed thrice with PBS to remove excess OCT compound and fixed for 10 min in formaldehyde. CD31 + cells were stained with an anti-mouse CD31 primary antibody (Abcam, Cambridge, MA) and visualized with an antigoat IgG FITC conjugated secondary antibody (Abcam, Cambridge, MA) following the manufacturer's protocol. The slides were counterstained with 4',6-diamidino-2-phenylindole (DAPI) in mounting medium (ProLong Gold, Invitrogen, Carsbad, CA) and imaged using a Zeiss LSM 510 confocal microscope.
Statistical analysis
Acquired data are expressed as mean ± SD. Statistical significance was determined by oneway analysis of variance (ANOVA) and Student's t test. Values of P < 0.01 were considered significant.
Results and Discussion
Glioma cell incorporation into CA scaffolds
CA scaffolds are prepared by lyophilizing and cross-linking a physical mixture of chitosan and alginate. The formed scaffolds are highly porous to allow for the influx of cells throughout the scaffold, and provide a large surface area for cell attachment and proliferation, ideal for modeling the tumor microenvironment. The tumor model was established by seeding U-87 MG and U-118 MG human glioma cells on the scaffolds and allowing the tumor cells to proliferate in vitro for 10 days. A control tumor model was established using C6 rat glioma cells which have a highly malignant phenotype [19] [20] [21] , and thus should be relatively unresponsive to culture conditions. Cell incorporation into CA scaffolds was monitored through proliferation and Scanning Electron Microscopy (SEM) analyses. All cell lines were able to proliferate within the CA scaffolds indicating the biocompatibility of the scaffold. Cells were also grown on standard 2D culture wells (24-well plates) and in 3D Matrigel matrix for comparison. The proliferation of cells grown on CA scaffolds was slightly retarded compared to 2D and Matrigel cultures (Fig. 1) . This behavior more closely resembles that of tumors in vivo which grow more slowly than in standard in vitro cell cultures [9] . 2D cultures supply cells with unlimited amounts of nutrients and sufficient oxygen allowing them to grow rapidly, whereas in vivo tumors must recruit blood vessels before they can begin to proliferate rapidly. A slower rate of diffusion of oxygen and nutrients to cells in the interior of the CA scaffolds may account for the retarded growth rate observed, whereas nutrients and oxygen readily diffuse to the interior of the Matrigel gel matrix.
To examine cell morphology, SEM images were acquired of cells grown under the three different conditions (Fig. 2) . All three cell lines displayed altered morphologic phenotypes dependent on the culture environment. Cells cultured on 2D wells displayed a linear and elongated morphology, whereas those grown in the 3D culture condition created by the Matrigel matrix developed many invadopodia. Glioma cells cultured on CA scaffolds had a more rounded appearance. Although invadopodia is an indicator of malignancy [24] , this morphology is seen in invading cells rather than glioma cells of solid tumors. Cells in solid tumors exhibit a more rounded and interconnected morphology, similar to that seen in cells grown on CA scaffolds. Therefore, the CA scaffolds are able to provide a growth environment that promotes the formation of solid tumor-like cells.
Differential growth factor expression in cells pre-cultured on CA scaffolds
To determine the effect of 3D culture on the malignant potential of glioma cells, we performed ELISA analyses on the secreted growth factor VEGF (Fig. 3a) and the enzyme MMP-2 (Fig.  3b) . Additionally, dot blot analyses were performed to quantify the secretion of extracellular matrix (ECM) proteins, laminin (Fig. 3c) and fibronectin (Fig. 3d) . We chose to evaluate these particular growth factors as they play a significant role in angiogenesis and various other pathways in glioma which promote growth, invasion, and resistance to chemotherapeutic drugs [25] . Overexpression of these factors contributes to an increase in cancer malignancy.
VEGF secretion plays a pivotal role in blood vessel recruitment to the tumor [26, 27] . As shown in Figure 3a , VEGF secretion by C6 cells grown in CA scaffolds was 0.47 ± 0.16 fold (P < 0.01, N = 3) lower than those grown on 2D culture wells. U-87 MG cells in CA scaffolds, on the other hand, showed a 13.98 ± 3.58 fold (P < 0.001, N = 3) higher VEGF secretion than those on 2D culture wells. U-118 MG cells in CA scaffolds also showed an increase in VEGF secretion (1.91 ± 0.50 fold, P < 0.01, N = 3), as compared to 2D cultured cells.
MMP-2 breaks down the extracellular matrix to provide room for cell proliferation and endothelial cell recruitment for angiogenesis [28] . As shown in Figure 3b , MMP-2 secretion did not change significantly in C6 cells cultured in CA scaffolds, whereas secretion increased 16.24 ± 3.58 fold (P < 0.0001, N = 3) in U-87 MG cells and 2.17 ± 0.50 fold (P < 0.01, N = 3) in U-118 MG cells cultured in CA scaffolds as compared to 2D cultures.
Fibronectin and laminin equip cells for angiogenesis by providing a signal and structure for endothelial cell attachment and proliferation [29] [30] [31] . Secretion of these extracellular matrix proteins were not significantly changed in C6 cells cultured in CA scaffolds as compared to 2D culture wells, shown in Figures 3c-d . Fibronectin secretion increased 3.13 ± 0.13 fold (P < 0.0001, N = 4), and laminin secretion increased 1.81 ± 0.01 fold (P < 0.0001, N = 4) in U-87 MG cells cultured on CA scaffolds as compared to 2D culture wells. For U-118 MG cells cultured on CA scaffolds, fibronectin secretion increased 2.38 ± 0.57 fold (P < 0.001, N = 4) and laminin secretion increased 5.39 ± 1.19 fold (P < 0.0001, N = 4) as compared to 2D culture wells. Matrigel samples were not tested since they contain both fibronectin and laminin.
From these data it is apparent that CA scaffolds promote the formation of a more malignant phenotype in human glioma cell lines as compared to standard 2D and Matrigel culture conditions. The up-regulation of growth factors observed upon culture in CA scaffolds indicates these cells have an enhanced ability to modify their extracellular space, and are able to create a niche conducive to their progression. This behavior is more representative of the human glioma tumor in vivo since cells in vivo must restructure the extracellular matrix and secrete growth factors to promote angiogenesis. As expected, C6 cells were relatively unresponsive to their environment. This may be due to the fact that this cell line comprises mainly cancer stem cells which favor the expression of factors that promote growth and tumorgenicity, even in standard long-term in vitro growth conditions [19, 20] . The highly malignant phenotype of C6 cells in standard 2D culture conditions were not further increased upon culture in the 3D environment supplied by either Matrigel matrix or CA scaffolds.
Tumorigenesis of cells pre-cultured on CA scaffolds
To further assess the malignancy of glioma cells cultured in CA scaffolds as compared to 2D and Matrigel cultures, and to confirm the increase in malignancy was physiologically relevant, the tumorigenicity of U-87 MG cells was determined by implantation of the pre-cultured matrices into nude mice. 2D, Matrigel, and CA scaffold pre-cultured C6 cells were also implanted as a control. As anticipated, C6 cells implanted into mice formed tumors at approximately the same rate regardless of pre-culture condition (Fig. 4a) . This is attributable to the minimal difference in growth factor and extracellular matrix secretion in these already highly malignant cells. U-87 MG cells implanted in mice showed a positive correlation between accelerated tumor growth rate and pre-culture in CA scaffolds (Fig. 4b) . This increased rate of tumor formation over weeks one (P < 0.0001, N = 6) and two (P < 0.0001, N = 6) provides further support that the CA scaffolds were able to mimic the tumor microenvironment as U-87 MG cells were able to develop a malignant profile prior to implantation, allowing for rapid tumor development. However, this rapid tumor growth was not sustained; after an initial burst of tumor growth, the implanted CA scaffold pre-cultured tumors began to grow at a similar rate to the 2D and Matrigel pre-cultured tumors.
Masson's trichrome histological analysis of C6 tumors after 3 weeks of implantation showed no significant changes in cell morphology or deposition of extracellular matrix regardless of pre-culture condition (Fig. 5a ), which agrees with the in vitro findings. Masson's trichrome histological analysis of U-87 MG tumors 4 weeks following implantation showed an enhanced extracellular matrix secretion in tumors formed from CA scaffold pre-cultured cells (Fig. 5b) . This increased deposition of the extracellular matrix provides further evidence of higher malignancy in U-87 MG cells cultured in CA scaffolds.
Angiogenesis in tumors formed from CA scaffold pre-cultured cells
A key hallmark of malignant tumor progression is angiogenesis. Xenograft tumors formed from 2D cultured cells, Matrigel matrix cultured cells, and CA scaffold cultured cells were photographed in live mice to show vasculature (Fig. 6) . Visible blood vessel formation in C6 tumors was not affected by pre-culture conditions as expected from the similarity in growth factor expression levels and tumor growth rate (Fig. 6a) . Angiogenesis was highly visible in vasculature to U-87 MG tumors from cells pre-cultured in CA scaffolds (Fig. 6b) . No blood vessel recruitment was evident around tumors formed from 2D or Matrigel pre-cultured U-87 MG cells. Even if blood vessels are not visible on the tumor surfaces, endothelial cells can still penetrate the tumor for angiogenesis. To visualize the recruitment of endothelial cells and established blood vessels within the tumors, CD31 + cells were visualized using immunohistochemistry (Fig. 7) . There was no apparent difference in CD31 + cell recruitment in C6 tumors regardless of pre-culture condition (Fig. 7a) . Further, these cells were randomly distributed throughout the tumor and lacked blood vessel structure. On the other hand, U-87 MG tumors formed from CA scaffold pre-cultured cells showed a greatly enhanced recruitment of CD31 + cells indicating an improved ability for angiogenesis (Fig. 7b) . This is further corroborated by the numerous circular blood vessel structures visible in these tumors, whereas the tumors formed from 2D and Matrigel matrix pre-cultured U-87 MG cells showed fewer, randomly distributed CD31 + cells. This accelerated rate of structured angiogenesis in tumors formed from CA scaffold pre-cultured U-87 MG cells can be attributed to the increased expression levels of growth factors in these cells, indicating their enhanced malignant potential.
We have shown that U-87 MG cells in CA scaffolds exhibited a slower proliferation rate when cultured in vitro (Fig. 1) , while CA scaffold cultured U-87 MG cells showed accelerated tumor growth in vivo (Fig. 4b) . This was not unexpected. The proliferation rate in vitro is affected by the cells' ability to acquire the oxygen and nutrients which diffuse more slowly in CA scaffolds than on 2D culture plates and Matrigel, which resulted in a slower proliferation rate in CA scaffolds. The tumor growth rate in vivo is significantly affected by its ability to recruit blood vessels that provide pathways for biofluid exchange. The results shown in Figure 7b further confirms the correlation between blood vessel formation and tumor growth rate.
Conclusions
We have demonstrated that CA scaffolds are able to provide a growth environment for glioma cells in vitro which is similar to the tumor microenvironment structure encountered in xenograft tumors in vivo. An in vitro platform which more accurately represents the tumor microenvironment will undoubtedly expand our understanding of the tumors being studied and play a pivotal role in developing the next generation cancer therapeutics. This reproducible and easily modifiable experimental system offers a number of advantages: they can be easily transferred into mice for rapid xenograft tumor growth, they can be used to pre-screen therapies to reduce the amount of in vivo screening, and they can be easily degraded to harvest single, viable cells for analyses such as PCR and flow cytometry. This will not only reduce the amount of time needed to complete experiments, but also reduce the enormous costs and loss of animal life associated with in vivo models. Phenotypic changes in glioma cells based on in vitro pre-culture conditions, assessed by ELISA and dot blot analyses. The secretion of (a) VEGF and (b) Matrix metalloproteinase-2 in C6, U-87 MG, and U-118 MG cells pre-cultured on 2D 24-well culture plates, Matrigel matrix, and CA scaffolds as determined by ELISA. (c) Fibronectin and (d) laminin secretion in cells pre-cultured on the three matrices as determined by dot blot analyses. *, P < 0.01; **, P < 0.001; ***, P < 0.0001, by student's t-test (N = 4). In vivo study of tumorigenesis of glioma cells pre-cultured under various in vitro culture conditions. Growth rates of tumors formed from implants of 2D, Matrigel matrix, and CA scaffold pre-cultured (a) C6 or (b) U-87 MG cells as determined by caliper measurements. *, P < 0.01; **, P < 0.001; ***, P < 0.0001, by one-way ANOVA (N = 6). Histological analysis of glioma tumors grown in athymic nude mice 3 weeks after implantation of pre-cultured glioma cells under various in vitro culture conditions.. Masson's trichrome stained histology slides of (a) C6 and (b) U-87 MG tumors formed from cells pre-cultured on 2D culture 24-well plates, Matrigel matrix, and CA scaffolds. Cell nuclei are stained dark red, cytoplasm is stained light red, connective tissue is stained dark blue, and Matrigel is stained light blue. Scale bar corresponds to 50 µm. Immunohistochemistry of tumors grown from glioma cells pre-cultured on 2D culture 24-well plates, Matrigel matrix, and CA scaffolds. (a) C6 and (b) U-87 MG tumor sections were harvested 3 weeks after implantation of the pre-cultured cells, stained with anti-CD31 to visualize blood vessels (green), and counterstained with DAPI (blue) with inlays to provide more details of the blood vessel structure. Scale bars correspond to 100 µm and 10 µm for the main display and inlay, respectively.
